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—  —  Performance  of  Porous  Electrodes  in  a  Diffusion 

'  5'  L  Condition  of  Feeding  Reagents 

I 

i  "by 

i  I.  C.  Gurevich  and  V.  S.  Bagotskiy 

^  Under  consideration  is  a  problem  concerning  the  distribution  of  the  eleeto-j 
chemical  process  by  the  depth  of  a  porous  electrode  of  finite  thickness  fun-  j 
ctioning  in  a  diffusion  condition  iwth  consideration  of  electrotechnical  polar¬ 
ization  and  ohmic  losses*  Given  is  a  general  solution  in  closed  form._ 

\  | 

The  use  in  applied' electrochemistry  of  -porous  electrodes,  having  developed 

«  r/oj/  '.j,  Cr  i ;  uu.  '  ■ 

internal  surface,  is  connected  with  the  desire  for  maximum  intensification,  of  : 
electrode  processes  and  for  the  obtainment  of  maximum  specific  characteristics. 

In  this  connection  of  greater  importance  is  the  problem  of  effectiveness  of 
employing  such  electrodes,  due  to  the  macrokinetic  nature  of  the  electrode 
process,  leading  to  nonequilibrium  distribution  of  its  intensity  over  the 
volume  of  the  electrode. 

In  a  majority  of  published  reports  ( 1—1 6 ) ,  directly  or  indrectly  pertaining 
to  the  given  problem,  the  problem  of  distribution  of  electrode  process  inten¬ 
sity  over  the  volume  of  the  electrode  is  solved  (with  these  or  any  other 
approximations)  analytically,  on  the  basis  of  the  general  theory  of  field 
distribution  in  an  electrolytic  cell  (the  Poisson  equation  is  used),  with 
consideration  of  mass  transfer  process  [ 1 3—1 5 3  or  without  such  a  consideration 
[4-10],  In  reports  [11-12]  the  electrode  is  considered  equipotential  and 
intensity  distribution  of  the  electrochemical  process  over  the  depth  of  the 
electrode  is  bound  only  with  the  mass  transfer  process.  In  some  reports 
[l-3,  16]  intensity  distribution  of  the  process  in  the  electrode  is  investi¬ 
gated  with  the  replacing  of  the  electrode  with  an  equivalent  electric  system, 
allowing  to  reduce  the  problem  to  the  regaining  of  currents  in  elements  of 
this  system}  the  shortcomings  of  such  a  method  lie  in  the  difficulties  of 
modeling  transportation  processes,  which  under  conditions 
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f  the  discussed  problem  are  described  (shown  below)  by  nonlinear  equations  [3]. 

In  this  report  in  contrast  to  the  report  by  0.  S.  Ksenzhek  [10,12]  and  L.G. 

ir.  [ll]  the  problem  concerning  the  function  of  a  porous  electrode  in  a  dif- 
/condition  is  considered  in  a  more  general  arrangement »  all  kinds  of  losses  are 
taken  into  consideration  (polarization  and  ohmic)  for  an  electrode  of  finite 
thickness, 

'7e  will  discuss  the  following  system  (fig.l).  The  porous  electrode  w^£^ 

thickness  /  - '—f 

j  T  is  submerged  in  an  electrolyte  chamber.  In  this  report  is  discussed  a / 

when  in  the  role  of  reagents,  on  one  hand  appear  electroneutral  molecules,  and  on 
the  other  hand  -  corresponding  electrolyte  ions.  It  is  assumed,  that  the  trans¬ 
fer  of  electroneutral  molecules  of  the  reagent  and  product  in  the  examined 
system  electrode-electrolytio  chamber  is  realized  only  by  the  way  of  molecular 
diffusion,  and  the  transfer  of  electrolyte  ions  -  by  diffusion  and  migration  in 


W* 

/elect-. 


electric  field  of  the  electrode. 


It  is  further  assumed,  that  the  concentration  of  ion  components  of  the  work¬ 
ing  mixture,  filling  the  electrode,  considerably  exceeds  the  concentration  of 
electroneutral  reagents  and  product.  This  condition  allows  to  consider  the 
conductivity  of  the  mixture  as  oonstant  and,  in  addition,  to  disregard  the 
diffusion  potential,  forming  on  account  of  nonuniform  distribution  of  concentra¬ 
tions  of  ion  components. 

Secured  are  conditions  of  maintaining  constant  volumetric  (in  electrolytic 
chamber  at  a  oertain  distance  from  the  eleotrode)  concentrations  of  the  reagent 
cj  and  of  the  product  Cp  or  on  account  of  ohamber  dimensions,  or  on  acocur.t  of 
continuous  feeding  into  it  the  reagent  and  removal  of  the  forming  product. 

In  stationary  state  into  the  eleotrode  from  the  electrolytic  ohamber  is 
passed  a  quantity  of  reagents  equivalent  to  the  ourrent  magnitude  I  (amperage), 
and  from  the  electrode  is  removed  a  corresponding  amount  of  produets  forming 


during  the  reaction. 
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_ Inthis_ report  when  examining  the 

:  liiir "of rkxf 

transportation  stage  of  the  eleotrode 
process  into  consideration  are  taken 
streams  of  electroneutral  substanoes 
(reagent  or  product) 

:  qj-— D/'qrade/.  (l)  j 

Assuming  in  the  electrode  takes  place 
a  reaction  of  the  type 

;  . Vp P  +  +  ...+nt.  V  (2)  j 

Assuming  the  visible  surface  of  the  ] 

Pig.  1,  a-scheme  of  electrolytic  cell; 
electrode  is  sufficiently  large,  in  b-distribution  of  potentials  in  depth  of 

porous  electrode  metallic  skeleton  of  the 
order  to  disregard  the  boundary  effects,  electrode  (l)  working  solution  of  elec¬ 
trolyte  in  the  absence  of  current  (2) 
and  the  structure  as  sufficiently  finely  and  at  current  (3). 

porous,  in  order  to  gain  the  possibil¬ 
ity  of  getting  away  from  a  concrete  structure  and  consider  the  electrochemical 
reaction  taking  place  over  the  entire  volume  of  the  electrode  (as  it  was  made  for 
the  first  time  by  Ya.B.Zel'dovich  it  i®  possible  to  begin  deliberating  a 

monodimensional  problem. 

Since  the  distribution  of  intensity  of  the  electrode  process  (true  current 
density  i)  over  the  depth  of  the  porous  electrode  is  connected,  on  one  hand,  with 
distribution  of  reagent  and  product  concentrations,  and  on  the  other  -  with  the 
distribution  of  the  potential,  then  we  arrive  at  a  system  of  two  equations,  des¬ 
cribing  the  performance  of  the  electrodes  it  is  evident  from  the  Pick  equation 


the  second  -  Poisson  equation 

if-sRj.  (4) 


Before  we  begin  analyzing  the  systems  of  equations  (3), (4)  it  is  advisable  * 


to  examine  the  laws 


or./ 

/jenei 


generally  speaking, 


(validities)  of  employing  the  Poisson  equation  in  form  (4), 
it  describes  the  distribution  of  solution  potential. 


Disregarding  the  resistance  of  the  metallic  skeleton  in  comparison  with  the 

obtain/ 

effective  resistance  of  the  mixture  in  pores  of  the  electrode  Rj  -const,  we/ 

..  i  ..dopandent  from  coordinate  x  oourse  of  the  metal  potential  ^  ^  (straight  line 
1,  fig.  l,b)j  if  in  the  absenoe  of  ourrent  the  potential  of  the  solution  (equilib¬ 
rium)  (j?  ^  is  also  independent  from  x  (straight  line  2),  then  under  load  ^-f  (x) 
(curve  3). 

The  jump  of  the  potential  on  the  surface  of  the  electrode  in  the  absence  of 
current 

A*’ (5) 

and  the  sudden  change  of  the  potential  for  the  electrode  under  load 

.4?-*,,—  (6) 

The  polarization  of  the  electrode 

H  —  A**— df  — 9$.  (7) 

Differentiating  (7),  we  obtain 


dn)  dyB 
dx  dx 


(8) 


From  equation  (8)  follows  the  rule  of  using  the  Poisson  equation  in  form  (4) 

whereby  the  condition  of  such  a  validity  lies  in  the  fact,  that  the  conductivity 
of/ 

/this  metallic  skeleton  should  considerably  exceed  the  conductivity  of  the  working 
mixture . 

For  kinetic  characteristic  of  the  prooess  (i)  we  acoept  the  expression  from 
the  theory  of  the  slowed  down  process 


In  order  that  the  system  of  equations  (3), (4)  should  be  complete,  we  will  find 
the  relationship  between  local  values  of  product  and  reagent  concentrations,  which 
should  enable  to  eliminate  from  equation  (9)  the  concentration  of  the  product. 

Writing  down  the  Fiok  equation  (l)  twioe  -  once  for  the  reagent  and  the  second 
time  for  the  product  -  and  expressing  the  stream  of  the  substance  through  electric 
values  and  reactions  coefficients  (2),  we  will  obtain  respectively 
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u:;e  of  text 


JS- 

dx 


dt r. 
dr 


—  — v"  / 
" 


(10) 

(11) 


Exoluding  from  (lO)  and  (11)  Ix,  we  obtain  after  integration  the  intereating 
relation  *  ” 

v-  d: 


(cp— e$ 


(12) 


In  order  to  change  over  in  equation  (12)  from  unknown  concentration  values  on 
the  frontal  (with  respect. to  the  counter  eleetroder  i.e.  at  x»L)  surface  of  the 
electrode  c^  and  c£  to  given  volumetric  concentrations  c^  and  cj,  we  will  disouss 
the  conditions  of  reagent  diffusion  from  the  electrolytic  chamber  to  the  electrode. 
Assuming  the  distribution  of  reagent  and  product  concentrations  in  the  diffusion 
layer  at  the  frontal  surface  of  the  electrode  as  linear,  we  obtain  the  following 
expression  for  ourrent  per  unit  of  visible  surface  of  the  electrode t 

<4 - 4). .  |  (13) 

v»  4 

Using  then  the  expression  for  the  ultimate  ourrent 

;  nFD~  ,  .  . 

TT6  Cp '  (i4) 

,  _  I 

we  obtain  Cy  -  nFDp  IfOTW  where  &  -  Iforw  -coefficient  of  "charging"  the 

electrode  (  0  Pinal ly 

<£-3(1-6).  •  (15) 

Analogously  we  obtain 


With  consideration  of  equation  (.12),  ( 15 )  and  (16)  equation  (9)  can  be 
rew/»itten/ 

An  following  form» 


(9') 


p  p  2 

We  will  introduce  the  following  designations*  V  ■  y  j  xi«  ^  j  d.y 


fit- 
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i  ...  an. 


10"1  -10"2[l2]).  If  the 
lectrode  weakens  diffusion  only  on  account  of  its  structure  regardless  of  the 


=  D  »  df  ■  D  .(for  many  porous  electrodes  d 
-  *P  P  1  J 


.-.■opcrties  of  the  diffused  substance,  then  it  is  apparent,  that  dr-dp,  i*8* 

.  D* 


V  “  p 

D*  The  expression  for  i  will  then  he  simplified t 


i-U 


RT  J  V  *  <  c> J  ■ 


X  exp 


A 

1 

* 

i 

j 

L  RT 

(17) 


Cn  »* 


y;» 


c p 

faF  7 

feeXP; 

[It' J-  ■ 

C9  \ 

f  («-«)> 

<;  r' 

*  l  RT 

(18) 


f ,  ,  vdp.„ 

f  (/»  —  *)F  J| 

^«iB| 

’  RT:-**1' 

Taking  into  consideration,  that  by  the  conditions  of  the  investigated  problem 

(fig.  la)  the  flow  of  the  substance  and  the  current  through  the  rear  surface  of 
the/ 

/electrode  equal  zero,  and  through  the  frontal  one  they  are  respectively  equal 

V  r  I  and  I,  we  obtain  boundary  conditions  of  following  form: 
nF  if  Ijt— o  0,  if  *  RJ ;  ; 


I.  ‘ 


(19) 


System  (l8)  appears  to  be  a  system  of  two  nonlinear  differential  equations  of 
second  order. 

’,Ve  shall  rewrite  the  system  of  equations  (18)  and  boundary  conditions  (19), 

changing  preliminarily  to  dimensionless  coordinate  from  condition  zeta  -  L 

(O^Tzeta^Tl ),  dimensionless  concentration  from  condition  c-  cr  (0  ^c^l) 

ur 

and  to  dimensionless  polarization  from  condition  u  ■  1  71  • 

LI  v. 


Then 


|  <,9,) 


and  the  boundary  conditions 


.where 


l«— o  —  0,  «'j,ai  *■  1; 

o  ■»  0,  c'  |c_i  m  ^i0,  ! 

1  ;  /0 — «L/0:  <|»  *- -2a£. ; 

•'f«w 


(19*) 


_  ...  1  RT/aF  Hy  - 

feTSrE:1  *■ 1  +'-4aL;  ■ M: 


(19a) 


Making  the  first  equation  of  system  (18’)  into  the  second  one,  we  obtain 

cT 


:-*e. 


(20) 


After  double  integration  (20)  with  consideration  of  boundary  conditions  at  seta 

»  1  we  have  . r 

u-~r  +  c». 

K  (21) 

where  K  ■  vj/^;  and  Cg  -  constant  of  second  integration. 

Substituting  .(21 )  in.. first_ equation  of  the  system  (18’),  we  will  obtain 


K»*exp  (Ktc)  -  (£— - Me)  /C,  ^exp  ^j} ,  (22) 


where  K1  -  exp  (C 2'0'/SlfOTV,)i 


1 


r 


-  ‘  JCiir* 

V7e  will  change  the  variables  in  accordance  with 

c  =»lnz. 

Then  equation  (22)  will  be  rewritten 

0-WV+^WV-jr 

with  boundary  conditions  z ’  l«-o  *  0;  z' J«»|  ■*  ^  (r,  ■■ 


(23) 

(24) 
(24a) 


Here 


tx  (*)  -  — ■ ; 
z 


'  /*(*)-/«* 


«— /I  . — « 


~ffllnzz*«+'  +  (£-M!nz)  tf,  *  z  “ 


ACr+l 


(24b) 

(24c) 
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The  substitution  of  p(z)  «*  z'  ($  )  allows  to  reduce  the  order  of  equation 
' °4 )  and  bring  it  into  form  of  the  Bernoulli  equation 

P'  —f\  (2)  P  +  U  ( 2 )  p_1  —  0.  (24  ’ ) 

The  boundary  conditions  respectively  will  be  written* 

P  (2)  !i-«,  "  0;  p  (2)  |,_2l  «  Kzv  ( 24 '  a ) 

The  following  substitution  q  (z)=p^  allows  to  reduoe  equation  (24')  to  linear 
equation  with  variable  coefficients 

V-2/,(2)<7  +  2/,(2)-0.  (24") 

Integrating  (24")  by  known  methods  and  determining  the  integration  constant 
from  boundary  condition  at  £  ■  Is 

•  ?liw,  “  “  K}:  1 ,  (24 "a) 


we  obtain  a  solution  in  following  form* 


* — n  » — a 

+  MKi"  2 


x. 


(24’*b) 


+  K*-2A)  /C.zf'J’JHL 


+  MKS  2i‘ 


To  determine  (more  accurately,  the  integration  constant  of  equation  (20)  C2) 
included  in  it,  we  utilize  boundary  condition  at  £  -  0:q/ZQ  «  0, 

The  solution  of  the  obtained  equation  relative  to  in  general  form  is  diffi¬ 
cult.  For  values  alpha  and  n,  satisfying  the  formula  alpha  -n  •— 1,  the  equation 

alpha 
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becomes  quadratic,  and  for  is  obtained  the  following  expression! 

/Tx-Q  +  K^T.  (25) 


where 


B  - 


•Q  _  Jg|_  («f-  {/f, ln*x  - 11  r- £'  [Ktinu  - l])-1; 

BK,  f-k  -  Vl  - M  !-jr.  !*■"■»■  +  'I -  v-  +  !11 

”  1  2f‘  [/(Jnzj  —  1 1  —  zo  ‘  [K.lnz,-  1]  . 


(25») 


Hence 


,  c.  -  -H^fn  «j  .  ; 


(26) 


Making  a  reverse  transformation  from  variable  s  to  variable .o  we  obtain 
t  -  J  j K*.+  2A*  ^(exp  [/f«c]  [/C»c -  1]  -  exp  [**1  [K&  -  1J)  + 

e,  • 

I  -h -^r-  f (exp  t—  /C«c]  —  exp  C—  A A])  —  (exp  t—  /C^r]  X  (27) 

;  At  \  At  . 

Xltf,e+  ll-expt-/CAl[/CA  +  ll))]}-**<fc. 

The  relationship  between  c  and  ^  with  known  approximation  can  be  simplified. 
Taking  into  consideration,  that  for  a  majority  of  real  systems  the  magnitude 

**  "  v  -  ®)  o rr*  « 1  **).  ^27a  > 

Hiptx  T 

and  by  changing  thanks  to  that  exp  (Kgo)  by  two  first  members  of  decomposition 
into  series,  we  obtain  irjstead  of  (27)  the  folloing  expression! 

*•  1 

Integrating  (27*)  within  mentioned  limits,  we  obtain 


(27b) 

(27’) 


I  Archil- Arch  . 


where 


v~  — V 

4_8A»(^+/Cl);/C’-2A,(A+Kl)c;  +  Mtxci}. 


(28) 


(28.) 
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Then  for  dimensionless  concentration  can  be  written  the  following  expression 

-b 


V^Ach  f<  VT+  Arch  -y=~ 


[ 


(29) 


2  a 


The  concentration  at  the  rear  surface  of  the  electrode  cQ  included  in  (29) 
car.  be  determined  by  solving  the  transcentent  equation  (29)  with  the  use  of  bound¬ 
ary  condition  at  £  -Is 


'1 


-  & 


The  expression  for  dimensionless  polarization  (21 )  can  then  be  written  in 
following  form 


K-Ach 


US5S- 


- , —  .  .  2ac„  4-  b 

«  J/T-r  Arch  :p— 


Qf»rW 


0 


2aK 

In  (Q'  ~  VT^B'), 


(30) 


v/here  Q'  and  B'  -  values  Q  and  B  with  consideration  of  the  above  adopted  assump¬ 
tion. 

Distribution  of  polarization  and  current  in  depth  of  the  porous  electrode  is 
described  consequently  by  the  following  expressions: 


rt  e 


RT 


aF  *  ouF  Qf, 


0X 


orw 


X 


/-A  ch 

'  .  r —  .  .  u  2ac0  +  b~ 
iV  a  -h Arch  ■  - 

_ _ •  v  —  A  . 

—  b 

l  2 aK 

(31) 


+  — (Q' -r  V 0,”  —  &■) 


1  ■  ~w  *  “  T  Ch  [ 4  ]r°  +  Archjy^—  ]  :  (32) 

The  solution  of  the  problem  regarding  distribution  of  intensity  of  the  elec¬ 
trochemical  process  obtained  in  close  form  for  the  depth  of  the  working  and  dif¬ 
fusing  conditions  of  the  porous  electrode  (27)  and  the  expressions  for  polar/- 

represent/ 

ization  (31)  and  current  (32)  emanating  therefrom  (at  known  assumptions)/ 

Sater  difficulties  for  the  analysis.  Possibilities  for  their  overcoming  will 
cussed  in  the  next  report. 
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,  first  une  of  text  Designations  I 

1  |  ■  !  | 

!  D.  -  diffusion  ooeff ioient  of  j-oomponent  in  free  electrolyte)  -  effsotive 
!■-}  .:  3  ; 

|  oosffioisnt  of  diffusion  of  J-oomponent  in  porous  sleotrode j  4-  oosffioisnt  of  j 

|  weakening  the  diffusion  in  the  sleotrode  in  oomparison  with  diffusion  in  free  1 
I  i  ;  I 

,  electrolyte}  V%  -  stoiohiometrie  oosffioisnt  at  j-oonponsnt  of  reaotion}  I 

I  3  i  !  | 

|  s-epeoifio  surface  of  porous  slsotrods}  Bj  -  effsotive  resistance  of  working  i 

i  i 

|  mixture  in  the  pores  of  the  slsotrods)  n-number  of  electrons  participating  in  t'hs 
;  reaotion)  F-Faraday  number j  alpha-kinet ie  ooeff ioient  of  electrode  reaotion)  j 

I  S)  ■  FIRST  ONE  OF  mi:  '  I 

{  o  -^thickness  of  diffusion  layer  at  frontal  surfaos  of  sleotrode).^-  oosffioisnt 

1  i  :  j 

I  of  "charge"  of  the  slsotrods)  xi -ooeff ioient  of  "contamination"  of  the  reagent 


,  by  the  product  of  its  oxidation  (reduction))  j0  •  J£  (o^  ) *t./p  (o*)  l-^/n  -  1 

i  interchange  current }  IQ  -  effsotive  value  of  interchange  current  on  the  porous j 
j  sleotrode)  if' -parameter  (introduced  for  the  first  tine  by  [l 1 ]), characterizing 

•  '  i  | 

;  the  ratio  between  the  weakening  of  the  transfer  in  diffusion  layer,  adjoining  the 
I  frontal  surfaos  of  the  slsotrods,  and  in  the  sleotrode )  c/2>forw-dif fusibility 
factor,  characterising  the  ratio  between  rolarisability  of  the  sleotrode,  loaded 
with  a  speoifio  current,  and  ohmio  resistance  filling  its  working  mixture. 
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